Stress-induced martensitic transformation in Fe-Mn-Si alloys is characterized by the transformation of the fcc matrix to the hcp phase, which is generally reversible. In this study, Debye rings obtained by monochromated X-ray diffraction using synchrotron radiation were used for analyzing the structural change of the fcc matrix to the hcp phase in a polycrystalline austenitic Fe-Mn-Si-Cr alloy that was deformed by the tensile test at room temperature. Structural changes resulting from the reverse transformation due to heating were also studied. The results showed that the occurrence of the stress-induced martensitic transformation was not uniform, but depended on the relationship between the orientation of polycrystalline grains and the tensile direction. The transformation appears to preferentially occur in grains with large Schmid factors for the shear of [ 2 211](111) in the fcc matrix, and the formation of hcp phases also depends on the orientation of grains. The reverse transformation due to heating does not necessarily occur in the crystallographically reversible route. This indicates that irreversible deformation induced by dislocations during the tensile test restricts the reversible transformation of the alloy.
Introduction
Fe-Mn-Si austenitic alloys containing a large amount of manganese are known to exhibit the shape memory effect, which occurs as a consequence of the reverse transformation of martensite formed by stress-induced transformation. [1] [2] [3] It is considered in the stress-induced martensitic transformation that the face centered cubic (fcc) structure phase (austenite) is transformed to a hexagonal closed packed (hcp) structure phase (martensite) during deformation at about room temperature, and the reverse transformation is induced by heating up to approximately 700 K. A model was proposed to explain the transformation of the fcc to the hcp phase, as illustrated in Fig. 1 . A few percentage of chromium was added to these alloys in order to improve the corrosion resistance of the Fe-Mn-Si based shape memory alloys. 4) In addition, the precipitation of carbides or nitrides has been utilized for improving the recovery strain in polycrystalline Fe-Mn-Si alloys. [5] [6] [7] [8] [9] [10] As these alloys comprise non-precious elements, they are required to be applied to practical structural and functional materials.
In order to clarify the deformation mechanism of Fe-Mn-Si shape memory alloys, their mechanical properties, [11] [12] [13] and microstructure relevant to the crystallographic orientation in the stress-induced transformation of the fcc matrix to the hcp martensite phase [14] [15] [16] were investigated in Fe-Mn-Si alloys. Although the recovery strain induced by heating is an important parameter for characterizing the shape memory effect, it is known that the recovery strain in polycrystalline Fe-Mn-Si alloys is lower than that in single-crystal Fe-Mn-Si alloys, in which the recovery strain depends on the stress direction. The crystallographic orientation between the fcc matrix and hcp martensite phase has been studied using transmission electron microscopy and scanning electron microscopy. The results show a microscopic morphology of the martensite; however, the overall orientation changes in stress-induced transformation and the reverse transformation of the alloys are unclear.
Therefore, X-ray diffraction measurement is a better method for characterizing the overall structural changes in polycrystalline alloys. This is because polycrystalline alloys consist of a large number of grains; where, the crystallographic orientation distribution plays an important role in the shape memory characteristics. In this work, Debye rings were analyzed by X-ray diffraction using synchrotron radiation in order to clarify the relationship between the macroscopic structural changes of a Fe-Mn-Si alloy by deformation.
Experimental
Sheets of Fe-Mn-Si-Cr shape memory alloys of approximately 0.8 mm in thickness were prepared following a previously used method. 4, 17) The chemical composition of the shape memory alloy was Fe-28 mass%Mn-6 mass%Si-5 mass%Cr, which is simply referred to as Fe-Mn-Si hereafter. The sheets were annealed at 1027 K for 1800 s to obtain a recrystallized microstructure. The grain size of the alloys was approximately 30 mm. The sheets were cut into the small shape of samples for tensile test with a gauge size of 0:7 Â 2:0 Â 10 mm, in which the tensile test direction was the rolling direction of the sheets. The alloy sheets did not reveal a strongly textured microstructure, as shown later. The unidirectional tensile test was carried out at room temperature at the strain rate of 1 Â 10 À4 s À1 . The recovery treatment was carried out by heating at 673 K for 600 s, as the samples were sufficiently recovered by this heating condition.
X-ray diffraction measurements of the polycrystalline Fe-Mn-Si were performed using synchrotron radiation, in order to obtain structural information from a large number of grains. The beamline for the X-ray diffraction measurement was BL19B2 of SPring-8 (Hyogo, Japan), in which diffraction rings were measured using the Debye-Scherrer method. The photon energy during the measurements was 30 keV, with a wave length of 0.04127 nm, and camera length of 210 mm. Debye rings by X-ray diffraction using synchrotron radiation were recorded using an imaging plate. Diffraction intensity changes in Debye rings were used for analyzing structural changes in polycrystalline Fe-Mn-Si alloys by loading and heating.
The geometry of the diffraction measurements of a tensile sample is shown in Fig. 2 , together with the orientation analysis procedure.
18) The crystallographic orientaion [uvw] of the fiber axis (FA), that is consistent with the tensile stress axis, is estimated from changes of diffraction intensities by stress-induced transformation and reverse transformation. A sample with the [uvw] axis oriented toward NS is at C, which is normal to IC. CP is the normal to a set of (hkl) planes, at which diffraction occurs when they are inclined to the incident beam at an angle satisfying Bragg's law. Then, the (hkl) pole should be on the circle PUQV. The (hkl) pole confined to the circle PAQB is the circle around the [uvw] axis. Thus, diffraction of the (hkl) pole occurs at P and Q, which are intersections of PUQV and PAQB, and the corresponding diffraction spots appear at R and T on the imaging plate. For the spherical triangle, IPN, the relationship between the angles , , and is given as follows:
By measuring in the Debye rings on the imaging plate and calculating , can be estimated. The index [uvw] can be estimated from a set of values of measured for different (hkl) poles. Figure 3 (a) shows Debye rings for diffraction of recrystallized Fe-Mn-Si alloys. In order to compare the distribution of intensities of the diffracted X-ray, the Debye rings were three-dimensionally (3D) displayed as shown in Fig. 3(b) . The results indicate that the recrystallized Fe-Mn-Si reveals the complete fcc austenitic structure in the polycrystalline sample.
Results and Discussion

Structural changes in fcc matrix by tensile deformation and heating
The Debye rings and their 3D display for Fe-Mn-Si alloys deformed by 10% tensile deformation at room temperature are shown in Figs. 4(a) and (b) , respectively. These results show that rings attributed to the hcp phase (martensite), which was formed by the stress-induced martensitic transformation, appeared during deformation. It should be noted that the {220} diffraction intensities from the fcc matrix, which is oriented almost to the tensile direction, is decreased by the deformation. This indicates that the martensitic transformation occurred in grains with specific orientation in polycrystalline Fe-Mn-Si by tensile deformation. The hcp phase also seems to be formed in grains with specific orientation. These orientation relationships relevant to the transformation will be discussed later. Parameters concerning the preferential orientation of fcc phase, which were transformed to hcp phase, can be determined from angles in these Debye rings by following the method shown in Fig. 2 . Table 1 summarizes the angles obtained from the distribution of the diffraction intensities from the fcc matrix, which were preferentially decreased by the stress-induced transformation. Figures 5(a) and (b) show the Debye rings and their 3D display resulting from the diffraction of Fe-Mn-Si alloys heated at 673 K after the 10% tensile deformation. These Debye rings show that the diffraction intensities in the rings attributed to the hcp phase were decreased by heating, indicating that most hcp phases formed by the stress-induced martensitic transformation considerably disappeared by the recovery treatment. However, it is noted that some parts of the {220} diffraction intensities from the fcc matrix were not perfectly recovered. This means that the reverse transformation did not fully occur under the present condition, while the stress-induced martensitic transformation preferentially takes please in polycrystalline Fe-Mn-Si by unidirectional deformation. Parameters on the preferential orientation of the fcc phase, which were recovered from the hcp phase, can be measured from angles in these Debye rings. The angles pertaining to the changes in diffraction intensities from the fcc matrix are listed in Table 2 .
Structural changes in hcp phase by tensile deformation and heating
In order to observe the diffraction intensities due to the hcp phase in the Debye rings, they were displayed in different views. Figures 6(a) and (b) show 3D Debye rings for Fe-MnSi alloys deformed by 10% and subsequently heated to 673 K, respectively. The results clearly show that the intensities of hcp {100} rings were increased in specific orientations by the deformation. This indicates that the hcp phase was not uniformly formed, but formed preferentially in grains with a specific orientation in the polycrystalline Fe-Mn-Si by unidirectional deformation. On the other hand, the diffraction intensities assigned to the hcp phase formed by the tensile deformation almost disappeared on heating. This corresponds to the hcp-fcc reverse transformation following the stressinduced martensitic transformation.
Figures 7(a) and (b) display the 3D Debye rings in a different view for Fe-Mn-Si alloys deformed by 10% and those subsequently heated to 673 K, respectively. The hcp {102} and {103} rings are significantly focused upon in this view. The results also show that the hcp phase formed by the deformation almost disappeared on heating, also indicating that the stress-induced martensitic transformation preferentially occurs in grains with specific orientations in polycrystalline Fe-Mn-Si. As angles concerning the preferential formation of hcp phase are listed in Table 3 , they will be compared with the results obtained from the fcc phase in the next section.
Preferential crystallographic orientation of grains
for transformation of polycrystalline Fe-Mn-Si alloys From the angles given in Tables 1 and 2 where the X-ray diffraction intensities were changed, the orientation of the stress axis inducing stress-induced transformation and reverse transformation can be estimated. Figure 8 shows a stereographic projection showing the orientation of the preferentially transformed fcc grains the stress axis by tensile deformation that was estimated from angles due to the intensity changes in different diffraction planes. The stereographic projection is displayed in the form [ 2 211](111), which represent the shear direction and plane in Fig. 1 , respectively. This result indicates that the orientations of grains that are preferentially transformed in the polycrystalline fcc matrix by tensile deformation are nearly around h144i. This appears to be in agreement with the model, in which grains oriented nearly to h144i has a large Schmid factor for transformation of the fcc to hcp phase, as shown in Fig. 1 . Thus, authors maintain the view from the present results that the fcc -hcp transformation preferentially occurs in grains oriented to nearly h144i by unidirectional tensile deformation, by which the diffraction intensities assigned to the fcc matrix were decreased.
On the other hand, a stereographic projection revealing the preferential orientation of fcc grains reversely transformed by heating is shown in Fig. 9 . In this case, the preferential orientation of grains reversely transformed in the polycrystalline fcc matrix by heating is slightly shifted to [ 1 111] direction from [ 1 144 ], although the orientation has some distribution. The irreversibility in the structural change by the stress-induced transformation and reverse transformation corresponds to the results on the irreversibility of the Debye rings as shown in Fig. 5 . These results imply that the reverse hcp-fcc transformation is not perfect, and it may be attributed to irreversible slip deformation by dislocation motion. In addition, Figure 10 shows a stereographic projection revealing the orientation of the hcp phase preferentially formed by tensile deformation. The stereographic projection is displayed in the form [120](001}, as referred in Fig. 1 . This result indicates that the preferential orientation of the hcp phases transformed by tensile deformation is slightly shifted and dispersed to [ 1 120 ] direction. This suggests that the preferential orientation of the hcp phase formed from the fcc matrix is deviated from the ideal fcc-hcp orientation relationship; this may also be attributed to irreversible slip deformation due to dislocations.
Thus, it was inferred in the above analysis that grains with large Schmid factors for the fcc-hcp martensitic transformation are preferentially transformed in polycrystalline grains by unidirectional stress. Although the flow stress for stressinduced martensitic transformation may be slightly lower than that for slip deformation by dislocations, irreversible deformation due to dislocations may also occur during the overall stress-induced transformation. Such irreversible deformation may reduce the degree of the reverse transformation that contributes to the shape memory effect of Fe-Mn-Si. As the present results imply that the preferential orientation of the fcc matrix is important in obtaining high shape memory characteristics, the texture in Fe-Mn-Si needs to be controlled to improve the shape memory characteristics as seen in iron based alloys. 19, 20) 
Conclusions
The X-ray diffraction method using synchrotron radiation was used for characterizing the phase transformation in a FeMn-Si shape memory alloy. Debye rings obtained by X-ray diffraction showed that the fcc matrix was partially transformed to an hcp martensite phase in this alloy by tensile deformation and reverse transformation of the hcp phase to the fcc matrix occurs by heating. The occurrence of stressinduced martensitic transformation depended on the relationship between the orientation of polycrystalline grains and the tensile direction; in particular, the transformation appears to preferentially occur in grains with large Schmid factors for the shear of [ 2 211](111) in the fcc matrix. The reverse transformation was not perfect, but it may be attributed to irreversible deformation due to dislocations. The formation of the hcp phase was in agreement with the results obtained for the fcc matrix. 
